Background {#Sec1}
==========

Hepatocellular carcinoma (HCC), one of the most common malignant tumors worldwide, ranks as the third leading cause of cancer-related deaths \[[@CR1]\]. Currently, surgical resection and liver transplantation are curative options for HCC patients \[[@CR2]\]. Although the remarkable advance has been achieved in treatment of HCC, the long term prognosis of HCC patients remains poor \[[@CR3]\]. The critical reasons for the unsatisfactory prognosis of HCC patients include malignant growth and systemic metastasis of HCC. However, the underlying mechanisms responsible for the growth and metastasis of HCC remain largely unknown.

Pyruvate kinase (PK), which is a rate-limiting enzyme of cellular glycolysis, exists in 4 isoforms (M1, M2, L, and R) \[[@CR4]\]. Among these four isoforms, PKM2 is predominantly expressed in the fetus and is replaced by PKM1 during development \[[@CR5]\]. However, the abundance of PKM2 is dramatically increased in tumor cells, indicating an important role of PKM2 in cancer cells \[[@CR6]\]. PKM2 has been found to be overexpressed in various cancers and acts as a critical regulator of cancer cell metabolism \[[@CR7]\]. PKM2 leads to increased glucose uptake and lactate production and decreased O~2~ consumption of cancer cells. PKM2 also promotes the anabolic metabolism of glucose for macromolecular biosynthesis and enhances the growth of cancer cells \[[@CR4]\]. Additionally, PKM2 acts as a transcriptional coactivator to promote the gene transcription in cancer cells \[[@CR8], [@CR9]\]. Previous study in ovarian cancer cells found that. CHIP (carboxyl terminus of Hsc70-interacting protein), a U-box E3 ligase, was found to interact with PKM2 and regulated the ubiquitination and stability of PKM2 and metabolism \[[@CR10]\]. Ubiquitination of PKM2 mediated by Parkin, another ubiquitin E3 ligase, led to decreased enzymatic activity of PKM2 \[[@CR11]\]. Moreover, Ubiquitin-specific protease 20, one of deubiquitinating enzymes (DUBs), was found to bind with PKM2 and regulated PKM2 ubiquitination \[[@CR12]\]. Therefore, the interaction between PKM2 and its binding proteins could alter the ubiquitination status of PKM2, and was critical for maintaining the expression level and functions of PKM2. Our previous study found that the expression of PKM2 was significantly increased in HCC \[[@CR13]\]. However, the underlying mechanisms responsible for the aberrant expression of PKM2 in HCC remain unknown.

The heat shock proteins (HSPs), a group of highly conserved molecular chaperones, play various roles in cell function including protein folding, the assembly of protein complex and protein degradation \[[@CR14]\]. HSP90, a member of HSPs family, has been found to play critical roles in regulating the proliferation, apoptosis and metastasis of tumor cells \[[@CR15]\]. HSP90 can regulate the conformation, stability and function of various oncogenic proteins to participate in the development and progression of human cancer \[[@CR16]\]. Our previous studies showed that HSP90 was overexpressed in HCC and was associated with unfavorable clinicopathological features and poor prognosis of HCC patients \[[@CR17]\]. However, the molecular mechanisms underlying the oncogenic functions of HSP90 in HCC progression remain unknown.

In this study, we demonstrated for the first time that HSP90 was a novel binding partner of PKM2 and increased PKM2 protein abundance in HCC by enhancing the protein stability and reducing the proteasomal degradation of PKM2. Overexpression of HSP90 led to the phosphorylation of PKM2 at Thr-328 while HSP90 knockdown reduced PKM2 Thr-328 phosphorylation. GSK-3β, a canonical protein kinase, formed a protein complex with HSP90 and PKM2, and mediated Thr-328 phosphorylation of PKM2 induced by HSP90. Thr-328 phosphorylation was critical for the protein stability and biological functions of PKM2. Functionally, we found that HSP90 promoted glycolysis and proliferation, and inhibited apoptosis of HCC cells through PKM2. Moreover, PKM2 was required for the promoting effect of HSP90 on the growth of HCC cells in vivo. Lastly, we revealed that HSP90 expression was positively correlated with PKM2 expression in HCC tissues. In all, this study demonstrated for the first time that HSP90, a newly identified binding partner of PKM2, promoted the growth of HCC by regulating Thr-328 phosphorylation and PKM2 abundance.

Methods {#Sec2}
=======

Clinical samples {#Sec3}
----------------

One hundred HCC tissues and adjacent non-tumor tissues were collected in the Department of Hepatobiliary Surgery, the First Affiliated Hospital of Xi'an Jiaotong University. All patients did not receive any radiotherapy, chemotherapy or radiofrequency ablation before surgical resection. The clinicopathological and demographic information of the patients was described in Table [1](#Tab1){ref-type="table"}. Patients' tissues were collected and stored in paraformaldehyde for immunohistochemistry (IHC).Table 1Clinical correlation of HSP90 and PKM2 expression in HCCClinicopathological\
FeaturesnHSP90*P* valuePKM2*P* valuePositiveNegativePositiveNegativeAge (y)\<503220120.08618140.669≥506829393434SexMale6531340.83435300.677Female3518171718HBVAbsent3117140.51818130.517Present6932373435CirrhosisAbsent211290.4669120.462Present7937424336AFP level (ng/mL)\<400221390.338616***0.015***≥4007836424632Tumor size\
(cm)\<5551837***0.006***2134***0.003***≥54531143114PVTTAbsent361026***0.002***1125***0.002***Present6439254123TNM stageI + II592039***0.005***2435***0.008***III + IV4129122813Significant values (*P*\<0.05) are in italic and bold

Cell culture {#Sec4}
------------

Hep3B, Huh7, 293 T and HEK-293 cells were bought from the Institute of Biochemistry and Cell Biology, Chinese Academy of Sciences (Shanghai, China). DMEM (Dulbecco's modified Eagle's medium; Gibco, Grand Island, NY, USA) supplemented with 10% fetal bovine serum (FBS; Gibco), penicillin (100 units/ml, Sigma, St. Louis, MO, USA) and streptomycin (100 μg/ml, Sigma) was used for cell culture. All these cells were kept in a humidified 5% CO~2~ incubator at 37 °C. For 17-AAG (Sigma) and 17-DMAG (Sigma) treatment, the cells were cultured in serum-free DMEM for 12 h, and then were cultured in serum-free DMEM containing 17-AAG or 17-DMAG for 24 h.

Cell transfection and retroviral transduction {#Sec5}
---------------------------------------------

One group of Control shRNA (sc-108,060) and HSP90 shRNA (sc-35,608) were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Second group of HSP90 shRNA (target sequence: 5′-CCAACTCATGTCCCTCATCAT-3′) was synthesize by Genecopoeia (Guangzhou, China). These control shRNAs and HSP90-specific shRNAs were transfected into Hep3B cells using Lipofectamine 2000 (Invitrogen). Glycogen synthase kinase-3β (GSK-3β) siRNA (sc-35,527) and control siRNA (sc-37,007) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA) and were transfected into Huh7 cells using Lipofectamine® RNAiMAX (Thermo Fisher Scientific). Vector pLKO was purchased from Addgene (Cambridge, MA, USA) for the expression of PKM2 shRNA as previously described \[[@CR13]\]. The retroviral vectors, pMMP-Flag-HSP90 and pMMP-HA-PKM2, were generated by cloning the respective cDNA into pMMP vector (Addgene). The packaging plasmids including pMD.MLV (1.5 μg), pVSV.G (0.5 μg) and the retroviral vectors mentioned above (2 μg) were transfected into HEK-293 T cells using Effectene Transfection reagent (Qiagen, Valencia, CA, USA). The media containing the retroviruses were collected 72 h after transfection. Viral transduction was performed by incubating the cells with the viral supernatant (25%) supplemented with Polybrene (8 μg/ml, Santa Cruz Biotechnology) overnight at 37 °C. Cells were collected for further experiments 72 h after viral transduction.

IHC staining {#Sec6}
------------

IHC was performed on 5-μm-thick sections from formalin-fixed, paraffin-embedded tissue samples applied to coated slides. The procedures of IHC staining were performed as we previously described \[[@CR18], [@CR19]\]. The following antibodies including HSP90 (Abcam, ab13492) and PKM2 (Abcam, ab131021) were used for IHC staining of HCC tissues.

Tandem affinity purification {#Sec7}
----------------------------

Tandem affinity purification was performed as we previously described \[[@CR20]\]. 293 T cells were transfected with SBP- and S-protein-tagged PKM2 or HSP90 and then maintained to establish the stable cell line. These cells were lysed with NETN buffer (20 mM Tris-HCl, pH 8.0, 100 mM NaCl, 1 mM EDTA, 0.5% Nonidet P-40) containing 50 mM β-glycerophosphate, 10 mM NaF, and 1 μml^−1^ each of pepstatin A and aprotinin on ice for 10 min. After removal of cell debris by centrifugation, crude cell lysates were incubated with streptavidin sepharose beads (Amersham Biosciences) for 1 h at 4 °C. The bound proteins were washed three times with NETN and then eluted with 2 mM biotin (Sigma) for 30 min twice at 4 °C. The eluates were incubated with S-protein agarose (Novagen) for 1 h at 4 °C and then washed three times with NETN. The proteins bound to S-protein agarose beads were resolved by sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and visualized by Colloidal blue or Coomassie blue staining. The identities of eluted proteins were revealed by mass spectrometry (MS) performed by the Taplin Biological Mass Spectrometry Facility at Harvard.

Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) {#Sec8}
----------------------------------------------------------------------

PCR amplifications for the quantification of PKM2, HIF-1α target genes (Glut1, Eno1, VEGF, LDHA and PDK1) and β-catenin target genes (c-Myc and CCND1) were performed using a SYBR® Premix Ex Taq™ II (Perfect Real-Time) kit (Takara Bio, Otsu, Japan) and an ABI PRISM 7300 Sequence Detection system (Applied Biosystems, Foster City, CA, USA). GAPDH was used as internal control. The primers used for qRT-PCR were listed in Additional file [1](#MOESM1){ref-type="media"}: Table S1.

Co-Immunoprecipitation (IP) assay {#Sec9}
---------------------------------

The following antibodies including Flag (F1804, Sigma), Hemagglutinin (HA) (12CA5, Roche, Indianapolis, IN, USA), PKM2 (Abcam, ab131021), HSP90 (Abcam, ab13492), GSK-3β (Cell signaling, \#9315), and Ser/Thr phosphorylation (Abcam, ab17464) antibodies were used in the IP assays. Detailed procedures were performed as previously described \[[@CR21]\]. In general, total protein lysate were extracted by IP buffer. 500μg total proteins were mixed with 1 μg of the primary antibody, or IgG, and were shaken for 4 h at 4 °C. Then, the Protein G beads (GE Healthcare Life Sciences, Piscataway, NJ, USA) were added to the mixture and shaken at 4 °C overnight. The beads were then washed 3 times using IP buffer. Sample loading buffer (5X) was mixed with the beads and boiled for 10 min. The supernatant was used for western blot analysis.

Glutathione S transferase (GST) pull-down assay {#Sec10}
-----------------------------------------------

GST pull-down assay was performed in HEK293 cells due to high transfection efficiency in these cells. HA-PKM2 plasmid was transfected into HEK293 cells using Lipofectamine 2000 (Invitrogen Life Technologies) following manufacturer's instructions. GST-HSP90 or control GST (OriGene Technologies, Inc., Rockville, MD, USA) was added into the cell lysates harvested from the cells transfected with HA-tagged PKM2. After being incubated with Glutathione beads (Sigma-Aldrich, St. Louis, MO, USA) for 2 h, the bound proteins were subjected to western blot analysis using HA antibodies. For endogenous immunoprecipitation, after being incubated with immunoglobulin G as a control, cell lysates were incubated with protein A beads (Sigma-Aldrich). The bound proteins were used for western blot with HSP90 antibody.

Western blots {#Sec11}
-------------

Western blots were performed as we previously described \[[@CR22]\]. The following antibodies were used in this study including PKM2 (Abcam, ab131021), HSP90 (Abcam, ab13492), HA (12CA5, Roche), FLAG (F1804, Sigma), PKM1 (Cell signaling, \#7067), Ubiquitination (Abcam, ab7780) and GAPDH (Abcam, ab9485). Cycloheximide (CHX, Abcam, ab120093), a protein synthesis inhibitor, was used to inhibit the protein synthesis. MG132 (Abcam, ab141003) was used to inhibit the proteasomal degradation.

In vitro kinase assay {#Sec12}
---------------------

For in vitro kinase assays, WT-PKM2 or T328A-PKM2 recombinant proteins were incubated with GSK-3β (New England BioLabs) at 30 °C in a total volume of 30 μl of GSK-3β kinase assay buffer. Aliquots of reaction mixtures were analyzed by Western blots using anti- Ser/Thr phosphorylation antibody.

Cell proliferation assays {#Sec13}
-------------------------

BrdU assay was used to investigate the proliferative ability of HCC cells. HCC cells were seeded into 96-well plates at 4000 cells/well for 24 h and 5-bromodeoxy-uridine (BrdU) assay (chemiluminescent) (Roche) was used to assess cell proliferation following the protocols provided by the manufactures.

Cell apoptosis and Caspase-3/7 activity {#Sec14}
---------------------------------------

Annexin V-FLUOS staining kit (Roche) was used to evaluate the percentage of apoptosis. The cell samples were analyzed using BD FACSCanto II flow cytometer (Becton-Dickinson, Franklin Lakes, NJ, USA). Caspase-3/7 activity was analyzed using an Apo-ONE® Homogeneous Caspase-3/7 kit (Promega, Madison, WI, USA).

Glucose consumption and lactate production {#Sec15}
------------------------------------------

Cells transfected with HSP90 plasmids or PKM2 shRNAs were seeded in 6-well plates. 48 h after transfection, cells were maintained in serum-free DMEM for 24 h. The glucose and lactate levels in medium were measured using a glucose assay kit (Sigma) and a lactate assay kit (CMA, Microdialysis), respectively. The level of glucose and lactate were normalized to corresponding protein amounts (Beyotime).

^14^CO~2~ release assay {#Sec16}
-----------------------

To evaluate ^14^CO~**2**~ release, HCC cells were incubated in glucose free medium containing 1 uCi/mL of 6-^14^C-glucose or 1-^14^C-glucose for 30 min. Phenylethylamine was added to absorb the released CO~**2**~. The radioactivity of collected ^14^CO~**2**~ was measured using by scintillation counting of phenylethylamine. The radioactivity was normalized to cell numbers.

Cellular oxygen consumption rate {#Sec17}
--------------------------------

Oxygen consumption rate was evaluated using Seahorse XF24 Extracellular Flux Analyzer. Cells were plated in XF24 cell culture plates (Seahorse Bioscience) and incubated for 24 h at normal cell incubator. Cells then were equilibrated with bicarbonate-free buffered DMEM for 1 h without CO~2~ immediately before XF assay. Substrates or perturbation compounds (Oligomycin, FCCP and Antimycin/Rotenone) were added from the reagent ports to the wells at the corresponding time-points.

Luciferase reporter assays {#Sec18}
--------------------------

Cells that were transfected with wild type or T328A mutant PKM2 along with the plasmid p2.1 and pSV40-Renilla were seeded on 24-wells plates. These cells were incubated at either 20% or 1% O~2~ for 24 h. Cell lysates were subjected to the Dual-Luciferase Assay (Promega) following the manufacturer's instructions.

In vivo experiments {#Sec19}
-------------------

4--6 week-old female BALB/c nude mice (*n* = 12) were used to establish a xenograft tumor model. 5 × 10^6^ Huh7 cells were subcutaneously injected into the flank of each nude mouse. The width and length of the subcutaneous tumor volume were measured every 3 days and tumor volumes were calculated as follows: tumor volume = length × width × width/2. After 3 weeks, these subcutaneous tumors were removed from the nude mice and subjected to Ki67 staining (Abcam, ab15580) and TUNEL staining (Roche). All animal protocols were approved by the Institutional Animal Care and Use Committee of Xi'an Jiaotong University.

Statistical analysis {#Sec20}
--------------------

All quantitative date were presented as the Mean ± SEM. The SPSS statistical package for Windows Version 13 (SPSS, Chicago, IL, USA) and GraphPad Prism 5 software (GraphPad Software, Inc., San Diego, CA, USA) were used for the statistical analysis including Pearson chi-square tests, two-tailed Student's t test, a Kaplan-Meier plot, a Log-rank test, a Pearson's correlation coefficient analysis or one-way ANOVA test. *P* \< 0.05 was considered to be statistically significant.

Results {#Sec21}
=======

HSP90 is a novel binding partner for PKM2 and increases PKM2 abundance in HCC cells {#Sec22}
-----------------------------------------------------------------------------------

To investigate the molecular mechanisms involved in regulating PKM2 expression in HCC, we performed tandem affinity purification for PKM2 protein in 293 T cells and used MS to analyze the purified protein. The data of MS (Table [2](#Tab2){ref-type="table"}) showed that HSP90 and PKM2 could potentially bind to each other. To confirm the potential interaction between HSP90 and PKM2 suggested by LCMS, we performed reciprocal co-IP of HA-PKM2 and Flag-HSP90 in HEK-293 cells by transfecting Flag-HSP90 and HA-PKM2 plasmids into HEK293 cells. As shown in Fig. [1a](#Fig1){ref-type="fig"}, co-IP demonstrated that HSP90 and PKM2 could interact with each other in HEK293 cells. Moreover, IP for endogenous protein also showed that HSP90 could bind to PKM2 in Hep3B cells (Fig. [1b](#Fig1){ref-type="fig"}). Furthermore, GST-pulldown assay showed that HSP90 could directly interact with PKM2 (Fig. [1c](#Fig1){ref-type="fig"}). Next, we investigated whether the interaction between HSP90 and PKM2 affected PKM2 abundance in HCC cells. To this end, Hep3B cells were transfected with two different HSP90 shRNAs which effectively reduced HSP90 level in Hep3B cells and subsequently led to decreased level of PKM2 protein (Fig. [1d](#Fig1){ref-type="fig"} and Additional File [2](#MOESM2){ref-type="media"}: Figure S1). Similarly, 17-AAG and 17-DMAG, two kinds of HSP90 inhibitors, significantly reduced PKM2 level in Hep3B cells (Additional File [3](#MOESM3){ref-type="media"}: Figure S2). On the other hand, overexpression of HSP90 in Huh7 cells significantly increased PKM2 level (Fig. [1e](#Fig1){ref-type="fig"}). To further confirm that HSP90 could increase PKM2 abundance in HCC, we performed IHC staining for HCC tissues. As shown in Fig. [2a](#Fig2){ref-type="fig"}, both HSP90 and PKM2 protein levels were significantly increased compared with non-tumor tissues. Moreover, HCC tissues with high level of HSP90 had increased expression of PKM2 protein compared with those with low level of HSP90. Positive staining of PKM2 was detected in 18 of 51 (35.29%) HCC samples with negative HSP90 expression, whereas 34 of 49 (69.39%) HCC specimens with positive HSP90 expression showed PKM2 signal (*P* \< 0.05, Fig. [2b](#Fig2){ref-type="fig"}). Furthermore, Spearman correlation analysis indicated that HSP90 IHC scores were positively correlated with PKM2 IHC scores in HCC tissues (*r* = 0.8263, *P* \< 0.05, Fig. [2c](#Fig2){ref-type="fig"}). Taken together, these data demonstrate that HSP90 interacts with PKM2 and increases PKM2 abundance in HCC.Table 2Purification of PKM2- and HSP90-associated proteinsPKM2 purificationHSP90 purificationProteinPeptidesCoverage (%)ProteinPeptidesCoverage (%)PKM26251.24HSP905450.71HSP903528.92PKM22123.58 Fig. 1HSP90 bound to PKM2 and increased the abundance of PKM2 protein in HCC cells. **a** Flag-HSP90 and HA-PKM2 plasmids were transfected into HEK293 cells. Immunoprecipitation was performed using anti-Flag or anti-HA antibody. HSP90 and PKM2 showed an interaction between each other in HEK293 cells. **b** The interaction between endogenous HSP90 and PKM2 proteins in Hep3B cells was analyzed by Co-IP. Endogenous HSP90 and PKM2 proteins interacted with each other in Hep3B cells. **c** GST pull-down assays were performed to investigate the direct interaction between HSP90 and PKM2. **d** Hep3B cells were transfected with HSP90 shRNA or negative-control (NC) shRNA. 72 h after transfection, the levels of HSP90 and PKM2 protein in Hep3B cells were examined. Knockdown of HSP90 decreased PKM2 protein in Hep3B cells. **e** Huh7 cells were transduced with retroviruses encoding Flag-HSP90 or empty control retroviruses. 72 h after viral transduction, the levels of HSP90 and PKM2 protein in Huh7 cells were examined. Forced expression of HSP90 increased PKM2 protein abundance in Huh7 cells. \*, *P* \< 0.05 by t-test Fig. 2HSP90 expression was positively correlated with PKM2 expression in HCC tissues. **a** IHC staining of HSP90 and PKM2 in HCC tissues and the adjacent non-tumor tissues were performed. HSP90 and PKM2 expression in HCC tissues were increased compared with non-tumor tissues. HCC tissues with high HSP90 level showed increased PKM2 protein level compared with those with low HSP90 level. **b** Compared with tissues with negative HSP90 expression, positive rate of PKM2 was significantly increased in HCC tissues with positive HSP90 expression. **c** HSP90 IHC scores in HCC tissues were positively correlated with the IHC scores of PKM2. \*, *P* \< 0.05 by Chi-square test and Pearson correlation analysis

HSP90 inhibits the proteasome degradation of PKM2 in HCC cells {#Sec23}
--------------------------------------------------------------

To identify the mechanism by which HSP90 increases PKM2 abundance in HCC cells, we performed qRT-PCR in HCC cells to check whether HSP90 enhanced PKM2 level by promoting its transcription. The data of qRT-PCR showed that neither HSP90 knockdown nor HSP90 overexpression affected the mRNA level of PKM2 in HCC cells (Fig. [3a](#Fig3){ref-type="fig"}). These data eliminate the possibility that HSP90 increases PKM2 level in HCC cells through promoting the transcriptional activation of PKM2. Then, we investigated whether HSP90 increased PKM2 level in HCC cells by regulating its protein stability. We used CHX (Cycloheximide, a protein synthesis inhibitor) chase assays to evaluate the protein stability of PKM2. As shown in Fig. [3b](#Fig3){ref-type="fig"}, knockdown of HSP90 in Hep3B cells substantially decreased the half time of PKM2 protein. In contrary, overexpression of HSP90 in Huh7 cells remarkably increased the half time of PKM protein (Fig. [3c](#Fig3){ref-type="fig"}). Furthermore, MG132, the proteasome inhibitor, rescued the decrease of PKM2 induced by HSP90 knockdown (P \< 0.05, Fig. [3d](#Fig3){ref-type="fig"}). Western blot for detergent insoluble protein confirmed that MG132 restored PKM2 protein level in the detergent-insoluble fraction (Additional File [4](#MOESM4){ref-type="media"}: Figure S3). These data indicate that HSP90 increases PKM2 level in HCC cells by reducing the proteasome degradation and enhancing the protein stability of PKM2.Fig. 3HSP90 regulated the stability of the PKM2 protein in HCC cells. **a** Huh7 cells were transfected with empty vector or Flag-HSP90 vector. Hep3B cells were transfected with negative control (NC) shRNA or HSP90 shRNA. qRT-PCR demonstrated that neither HSP90 overexpression or knockdown changed the mRNA level of PKM2. **b** & **c** The protein half-life of PKM2 in Hep3B cells was analyzed following treatment with cycloheximide (CHX). The PKM2 turnover rate was lower in Hep3B cells with HSP90 knockdown and it was higher in HSP90 overexpressing Huh7 cells. **d** MG-132 was used to inhibit the proteasomal degradation in Hep3B cells. MG-132 treatment reversed the downregulation of PKM2 protein induced by HSP90 knockdown. \*, *P* \< 0.05 by one way ANOVA test

HSP90 enhances PKM2 stability by inducing the phosphorylation of PKM2 at Thr-328 {#Sec24}
--------------------------------------------------------------------------------

Post-translational modifications including phosphorylation \[[@CR23]--[@CR25]\] and acetylation \[[@CR26]\] are critical for the protein stability and functional activity of PKM2. Previous study showed that PIM2 increased PKM2 protein levels by inducing the phosphorylation of PKM2 on the Thr-454 residue \[[@CR25]\]. Therefore, we explored whether HSP90 increased PKM2 protein stability and abundance by modulating PKM2 phosphorylation. For this purpose, we co-transfected Flag-tagged HSP90 vector and HA-tagged PKM2 vector into HEK293T cells. Compared with the control vector, transfection of Flag-tagged HSP90 led to an increase in PKM2 phosphorylation on threonine/serine residues (Fig. [4a](#Fig4){ref-type="fig"}). Consistently, overexpression of HSP90 in Huh7 cells increased the phosphorylation of endogenous PKM2 protein on threonine/serine residues (Fig. [4b](#Fig4){ref-type="fig"}). On the other hand, knockdown of HSP90 decreased the threonine/serine phosphorylation of PKM2 in Hep3B cells (Fig. [4c](#Fig4){ref-type="fig"} and Additional File [5](#MOESM5){ref-type="media"}: Figure S4). Then, we performed the phosphor-specific protein enrichment and MS for 293 T cells overexpressing HSP90, to identify the exact phosphorylation site of PKM2 regulated by HSP90. The results of the phosphor-specific enrichment and MS demonstrated that Thr-328 and Ser-405 were two potential phosphorylation sites on PKM2 regulated by HSP90 (Fig. [4d](#Fig4){ref-type="fig"}). To determine which site was phosphorylated by HSP90, we generated phosphorylation mutants by mutating the threonine residue to alanine (S405A or T328A). Mutation of Ser-405 had no effect on the phosphorylation of PKM2 induced by HSP90-flag vector, while nutation of Thr-328 significantly blocked the phosphorylation of PKM2 induced by HSP90-flag vector (Fig. [4e](#Fig4){ref-type="fig"}). These data demonstrated that HSP90 led to the phosphorylation of PKM2 on Thr-328. Furthermore, we investigated whether HSP90 enhanced the protein stability of PKM2 through modulating phosphorylation of PKM2 on Thr-328. As shown in Fig. [4f](#Fig4){ref-type="fig"}, overexpression of HSP90 significantly enhanced the protein stability of wild type PKM2, but failed to enhance the stability of PKM2 mutant which was phosphorylation-defective at Thr-328. To further confirm that Thr-328 phosphorylation was critical for maintaining the stability and reducing the degradation of PKM2, we performed the ubiquitination assay for wild type PKM2 and T328A PKM2. As shown in Additional file [6](#MOESM6){ref-type="media"}: Figure S5, T328A PKM2 had significantly increased ubiquitination compared with the wild type PKM2 in HSP90 overexpressing Huh7 cells. To exclude the influence of endogenous PKM2 protein, we transfected Huh7 cells with PKM2 shRNA to knock down endogenous PKM2 protein (*P* \< 0.05, Additional file [7](#MOESM7){ref-type="media"}: Figure S6A). Then, Huh7 cells with PKM2 knockdown were transfected with exogenous PKM2 vector (S405A or T328A) and HSP90 vector or control vector. Consistent with the data in Fig. [4e and f](#Fig4){ref-type="fig"}, mutation of Thr-328 blocked the increase of PKM2 phosphorylation (Additional file [7](#MOESM7){ref-type="media"}: Figure S6B) and stability (Additional file [7](#MOESM7){ref-type="media"}: Figure S6C) induced by HSP90 overexpression. These data demonstrated phosphorylation of PKM2 Thr-328 modulated by HSP90 was critical for maintaining the stability of PKM2 protein.Fig. 4HSP90 increased PKM2 phosphorylation at Thr-328. **a** HA-tagged PKM2 was co-transfected with empty vector or Flag-tagged HSP90 in HEK293 cells. Representative IP experiments were performed to examine PKM2 Ser/Thr phosphorylation. Total cell lysates were subjected to immunoblotting analysis using specific antibodies against HA and Flag. Forced expression of Flag-tagged HSP90 in HEK293 cells increased the phosphorylation of HA-tagged PKM2. **b** Huh7 cells were transfected with empty vector or Flag-tagged HSP90. Representative IP experiments were performed to examine PKM2 Ser/Thr phosphorylation. Total cell lysates were subjected to immunoblotting analysis using specific antibodies against HSP90 and GAPDH. Overexpression of HSP90 increased PKM2 Ser/Thr phosphorylation in Huh7 cells. **c** Hep3B cells were transfected with negative control (NC) shRNA or HSP90 shRNA. Representative IP experiments were performed to examine PKM2 Ser/Thr phosphorylation. Total cell lysates were subjected to immunoblotting analysis using specific antibodies against HSP90 and GAPDH. Knockdown of HSP90 decreased PKM2 Ser/Thr phosphorylation in Hep3B cells. **d** Phosphor-specific protein enrichment and MS identified two putative phosphorylation sites in PKM2 regulated by HSP90. S405 and T326 residues were highlighted by red. **e** Huh7 cells were transfected with empty vector or Flag HSP90, along with PKM2-S405A mutant (Serine 405 to alanine mutation) or HA-T328A mutant (Threonine 328 to alanine mutation). T328A mutant, instead of S405A, abrogated the increased phosphorylation of PKM2 induced by HSP90 overexpression. **f** Huh7 cells were co-transfected with empty vector or Flag-HSP90, and, HA-tagged wild type (WT) PKM2 or HA-tagged T328A mutant PKM2. The protein half-life of HA-tagged WT or mutated PKM2 was analyzed following treatment with cycloheximide (CHX). HSP90 overexpression increased the half-life of the wild type PKM2 while failed to increase the half time of T328A PKM2 mutant

Since previous study demonstrated that HSP90 could interact with GSK-3β, which was a well-recognized protein kinase \[[@CR27]\], we further explored if HSP90 regulated PKM2 phosphorylation through GSK3β. To answer this question, we first performed co-IP for HSP90, PKM2 and GSK-3β. We found that these three proteins indeed formed a protein complex together (Fig. [5a](#Fig5){ref-type="fig"}). More importantly, GSK-3β inhibitor (GSK3i IX) abrogated the increase of PKM2 phosphorylation induced by HSP90 overexpression (Fig. [5b](#Fig5){ref-type="fig"}). Knockdown of GSK-3β also blocked PKM2 phosphorylation induced by HSP90 overexpression (Fig [5c](#Fig5){ref-type="fig"}). Furthermore, in vitro kinase assay (Fig. [5d](#Fig5){ref-type="fig"}) showed that recombinant wild type GSK-3β increased the phosphorylation of wt-PKM2 while it had no effects on the T328A-PKM2, indicating GSK-3β could directly phosphorylate PKM2 at T328. Additionally, we investigated whether upstream pathway (PTEN/PI3K/Akt) of GSK3β affected PKM2 level through GSK3β. As shown in Additional file [8](#MOESM8){ref-type="media"}: Figure S7, knockdown of PTEN led to increased phosphorylation of Akt and resulted in increased level of PKM2. Knockdown of GSK3β partly abrogated the increase of PKM2 level induced by PTEN knockdown.Fig. 5HSP90 increases PKM2 phosphorylation through GSK-3β. **a** Co-IP was performed for HSP90, PKM2 and GSK-3β to confirm whether these protein formed protein complex in Huh7 cells. **b** Huh7 cells transfected with HSP90 vector or control vector were treated with GSK3i IX, a GSK-3β inhibitor. Phosphorylation of PKM2 was examined by western blot after inhibiting GSK-3β activity. **c** Huh7 cells transfected with HSP90 vector or control vector were treated with GSK-3β siRNA to knockdown GSK-3β. Phosphorylation of PKM2 was examined by western blot after GSK-3β knockdown. **d** In vitro kinase assay to determine the effects of recombinant GSK3β on threonine phosphorylation of PKM2-WT or T328A

Thr-328 phosphorylation is critical for the biological functions of PKM2 in HCC cells {#Sec25}
-------------------------------------------------------------------------------------

PKM2 is a versatile protein implicated in glycolysis, mitochondrial function, cell proliferation and apoptosis. Additionally, PKM2 acts as a transcriptional cofactor to enhance HIF-1α and β-catenin mediated gene transcriptions \[[@CR28], [@CR29]\]. Therefore, we investigated whether Thr-328 phosphorylation of PKM2 was critical for its biological functions. Transfection of T328A PKM2 mutant into Huh7 cells significantly reduced glucose consumption and lactate production (*P* \< 0.05, Fig. [6a and b](#Fig6){ref-type="fig"}). T328A mutant PKM2 in Huh7 cells resulted in a higher PK enzyme activity (*P* \< 0.05, Fig. [6c](#Fig6){ref-type="fig"}). Furthermore, we investigated whether T328A mutant affected the cell proliferation and apoptosis. Compared with wild type PKM2, transfection of T328A mutant significantly decreased the proliferation and increased the Caspase-3 activity and apoptosis of Huh7 cells (*P* \< 0.05, Fig. [6d-f](#Fig6){ref-type="fig"}). Similar effects of T328A mutant on glucose consumption, lactate production, PK enzyme activity, proliferation, Caspase-3 activity and apoptosis were observed in Huh7 cells with endogenous PKM2 knockdown (*P* \< 0.05, Additional file [9](#MOESM9){ref-type="media"}: Figure S8A-8F). Additionally, T328A PKM2 mutant enhanced mitochondrial respiration suggested by increased oxygen consumption (*P* \< 0.05, Additional file [10](#MOESM10){ref-type="media"}: Figure S9A and 9B). In contrast to wild type, T328A-mutant PKM2 significantly increased the release of 6-^14^CO~2~ from \[6-^14^C\] glucose while decreased the ratio of 1-^14^CO~2~ to 6-^14^CO~2~ (*P* \< 0.05, Additional file [10](#MOESM10){ref-type="media"}: Figure S9C and 9D). These further supported that T328A PKM2 mutant enhanced mitochondrial respiration. Lastly, we examined whether T328A mutant affected the transcriptional cofactor functions of PKM2. In this regard, HEK293T cells were transfected with wild type PKM2 vector or T328A PKM2 mutant along with the p2.1 plasmid and pSV40-renilla. Then, cells were incubated in either normal cell incubator (20% O~2~) or hypoxic cell incubator (1% O~2~) for 24 h. As shown in Additional file [10](#MOESM10){ref-type="media"}: Figure S9E, T328A mutant significantly reduced the efficacy of PKM2 in activating the promoter under hypoxic condition (*P* \< 0.05). T328A mutant also significantly reduced the efficacy of PKM2 in activating endogenous HIF-1α target genes and β-catenin target genes (*P* \< 0.05, Additional file [10](#MOESM10){ref-type="media"}: Figure S9F and 9G). Taken together, these data indicated that Thr-328 phosphorylation was critical for PKM2 functions in regulating glycolysis, mitochondria respiration, cell proliferation, cell apoptosis and its cofactor functions.Fig. 6Thr-328 phosphorylation was required for the functional influence of PKM2 on glycolysis, proliferation and apoptosis of HCC cells. Compared with Huh7 cells transfected with wild-type PKM2, T328A PKM2 mutant significantly reduced (**a**) glucose consumption, (**b**) lactate production and (**c**) PK catalytic activity of Huh7 cells. Compared with Huh7 cells transfected with wild-type PKM2, Thr-328A mutated PKM2 significantly decreased the (**d**) proliferation and increased the (**e**) Caspase-3 activity and (**f**) apoptosis the of Huh7 cells. \*, *P* \< 0.05 by t test

HSP90 promotes glycolysis and proliferation and reduces apoptosis of HCC cells in a PKM2 dependent manner {#Sec26}
---------------------------------------------------------------------------------------------------------

Then, we investigated whether HSP90 regulated the glycolysis, proliferation and apoptosis of cancer cells through PKM2. Huh7 cells that were transfected with HSP90 vector showed significantly increased glucose consumption, lactate production and PK activity (*P* \< 0.05, Fig. [7a-c](#Fig7){ref-type="fig"}), and these promoting effects on cell glycolysis was abrogated by PKM2 knockdown (*P* \< 0.05, Fig. [7a-c](#Fig7){ref-type="fig"}). Additionally, we also found that HSP90 overexpression significantly enhanced cell proliferation and inhibited Caspase-3 activity and apoptosis in a PKM2 dependent manner (*P* \< 0.05, Fig. [7d-f](#Fig7){ref-type="fig"}). These regulatory effects of HSP90 were reversed by PKM2 knockdown (*P* \< 0.05, Fig. [7d-f](#Fig7){ref-type="fig"}). These data demonstrate that HSP90 regulates the glycolysis, proliferation and apoptosis of HCC cells in a PKM2 dependent manner.Fig. 7HSP90 enhanced the glycolysis and proliferation while decreased the apoptosis of HCC cells through PKM2. Huh7 cells were co-transfected with corresponding vectors. Overexpression of HSP90 significantly increased (**a**) glucose consumption, (**b**) lactate production and (**c**) PK activity of Huh7 cells. PKM2 knockdown abrogated the promoting effects of HSP90 on glycolysis. Furthermore, overexpression of HSP90 significantly (**d**) increased proliferation while decreased the (**e**) Caspase-3 activity and (**f**) apoptosis of Huh7 cells. PKM2 knockdown abrogated the regulatory effects of HSP90 overexpression on cell proliferation and apoptosis. \*, P \< 0.05 by t test

HSP90 promotes the growth of HCC cells by regulating PKM2 in vivo {#Sec27}
-----------------------------------------------------------------

In vivo experiments were performed to further confirm our findings in vitro. As shown in Fig. [8a](#Fig8){ref-type="fig"}, overexpression of HSP90 significantly increased the growth of Huh7 cells in nude mice (*P* \< 0.05). The promoting effects of HSP90 on the growth of Huh7 cells were blocked by PKM2 knockdown in vivo (*P* \< 0.05, Fig. [8a](#Fig8){ref-type="fig"}). Ki67 staining and TUNEL staining further confirmed that HSP90 overexpression enhanced the proliferation and decreased apoptosis of Huh7 cells in nude mice (*P* \< 0.05, Fig. [8b](#Fig8){ref-type="fig"}), and these regulatory effects of HSP90 on the proliferation and apoptosis of Huh7 cells were abrogated by PKM2 knockdown in vivo (*P* \< 0.05, Fig. [8b](#Fig8){ref-type="fig"}). These data demonstrate that HSP90 promotes the growth of HCC cells through PKM2 in vivo.Fig. 8HSP90 promoted the growth of Huh7 cells through PKM2 in vivo. **a** Subcutaneous injection was performed using Huh7 cells co-transfected with corresponding vectors. Overexpression of HSP90 significantly increased the growth of Huh7 cells in nude mice while PKM2 knockdown abrogated the promoting effects of HSP90 on the growth of Huh7 cells in vivo. \*, *P* \< 0.05 by two-way ANOVA. **b** Tumor nodules were subjected to IHC staining for Ki-67, TUNEL assays and quantitative analysis. IHC staining for Ki67 and TUNEL assays revealed that HSP90 overexpression significantly increased the number of Ki-67 positive cells and decreased the number of apoptotic cells. These effects induced by HSP90 overexpression were abrogated by PKM2 knockdown. \*, *P* \< 0.05 by One-way ANOVA

Overexpression of HSP90 and PKM2 predicts the poor prognosis of HCC patients {#Sec28}
----------------------------------------------------------------------------

Next, we examined the prognostic value of HSP90 and PKM2 in HCC. As shown in Table [1](#Tab1){ref-type="table"}, expression of HSP90 was correlated with unfavorable clinicopathological features of HCC patients including large tumor size (*P* = 0.006), portal vein tumor thrombus (PVTT) (*P* = 0.002) and advanced tumor-node-metastasis (TNM) stage (*P* = 0.005). PKM2 positive expression was associated with high alpha fetoprotein (AFP) level (*P* = 0.015), large tumor size (*P* = 0.003), occurrence of PVTT (*P* = 0.002) and advanced TNM stage (*P* = 0.008). More importantly, HCC patients with positive HSP90 expression had significant shorter overall survival (OS) (*P* \< 0.001, Fig. [9a](#Fig9){ref-type="fig"}) and disease-free survival (DFS) (*P* \< 0.001, Fig. [9b](#Fig9){ref-type="fig"}). In accordance, positive PKM2 expression was also correlated with reduced OS (*P* = 0.0035, Fig. [9c](#Fig9){ref-type="fig"}) and DFS (*P* = 0.003, Fig. [9d](#Fig9){ref-type="fig"}). Finally, we divided HCC patients into four subgroups based on the expression status of HSP90 and PKM2. HCC Patients with positive expression of both HSP90 and PKM2 had the worst OS and DFS while those with negative expression of HSP90 and PKM2 had the best OS and DFS (Fig. [9e and f](#Fig9){ref-type="fig"}). Thus, HSP90, PKM2 and the combination of these two proteins predict the prognosis of HCC patients.Fig. 9The prognostic value of HSP90 and PKM2 for HCC patients. HCC patients were divided into HSP90 positive group and HSP90 negative group based on IHC staining. Patients with positive expression of HSP90 had significant shorter (**a**) overall survival (OS) and (**b**) disease free survival (DFS). HCC patients were divided into PKM2 positive group and PKM2 negative group based on IHC staining. Patients with positive expression of PKM2 had obvious poorer (**c**) OS and (**d**) DFS. HCC patients were divided into four groups: HSP90^postive^PKM2^postive^ group, HSP90^postive^ PKM2^negative^ group, HSP90^negative^PKM2^postive^ group and HSP90^negative^PKM2^negative^ group. HCC patients in HSP90^negative^PKM2^negative^ group had the best (**e**) OS and (**f**) DFS while those in HSP90^postive^PKM2^postive^ group had the lowest (**e**) OS and (**f**) DFS. \*, *P* \< 0.05 by Log-rank test

Discussion {#Sec29}
==========

Accumulating evidence demonstrates that the molecular chaperone HSP90 plays critical roles in modulating the conformation, stability and function of oncogenic proteins, which were involved in cell proliferation, apoptosis, cell cycle progression, migration, invasion and drug resistance \[[@CR16], [@CR17], [@CR30], [@CR31]\]. Previous studies demonstrated that HSP90 was overexpressed in HCC tissues and promoted the growth of HCC cells. However, the detailed mechanisms by which HSP90 promotes the progression of HCC remain largely unknown. In this study, tandem affinity purification recognized HSP90 as a novel binding partner for PKM2. IP assay and GST pull-down assay further confirmed that HSP90 could directly bind to PKM2 protein. Furthermore, we found that overexpression of HSP90 increased the expression of PKM2 in Huh7 cells while HSP90 knockdown reduced PKM2 level in Hep3B cells. The regulatory effect of HSP90 on PKM2 level was further confirmed by the IHC staining results in HCC tissues. IHC staining data showed that the expression level of HSP90 was positively correlated with PKM2 level in HCC tissues.

To further determine the mechanisms by which HSP90 increases PKM2 level in HCC cells, we first performed qRT-PCR to confirm whether HSP90 could promote the transcription of PKM2. However, neither HSP90 overexpression nor HSP90 knockdown affected the mRNA level of PKM2. This indicated that HSP90 increased PKM2 level through a post-transcriptional mechanism. Previous study demonstrated that HSP90 was an important regulator of the folding, transportation and stability of various proteins in cells \[[@CR16]\]. Therefore, we investigated whether HSP90 could affect the protein stability of PKM2. The data of western blot showed that overexpression of HSP90 significantly increased the half-time of PKM2 in Huh7 while HSP90 knockdown decreased the half-time of PKM2 in Hep3B cells. Furthermore, blocking the proteasomal degradation with MG-132 reversed the downregulation of PKM2 induced by HSP90 knockdown. These data demonstrate that HSP90 is critical for reducing the proteasomal degradation of PKM2 and thus increasing the stability of PKM2. Interestingly, another study in lung cancer also showed that PKM2 could directly interacted with heat-shock protein 90 (HSP90), and thus increase the stability EGFR. This means the interaction between PKM2 and HSP90 may be a common phenomenon in difference types of human cancer, and, is critical for the progression of human cancers through many different mechanisms.

PKM2 was a well-known regulator of the cancer cell metabolism, proliferation, apoptosis and metastasis, and was found to be significantly increased in many types of human cancers \[[@CR32], [@CR33]\]. Accumulating studies found that post-translational modifications and protein-protein interaction were critical for regulating the enzymatic activity and protein stability of PKM2 \[[@CR23]--[@CR25]\]. Previous study showed that PIM2 could bind to PKM2 and led to the phosphorylation of PKM2 at Thr-454. Thr-454 phosphorylation inhibited the enzymatic activity of PKM2 and was critical for the protein stability of PKM2 \[[@CR33]\]. In this study, we demonstrated that overexpression of HSP90 led to increased phosphorylation of PKM2 while HSP90 knockdown reduced PKM2 phosphorylation. Phospho-specific enrichment technology and site-mutation of PKM2 protein further confirmed that HSP90 led to the phosphorylation of PKM2 at Thr-328. Moreover, we found Thr-328 phosphorylation was critical for maintaining the protein stability of PKM2. Functionally, we demonstrated that phosphorylation of PKM2 at Thr-328 was critical for its biological functions including regulating glycolysis, mitochondria respiration, cell apoptosis, proliferation and co-factor functions. However, different from PIM2, HSP90 protein was not a serine/threonine kinase. Previous study showed that GSK-3β, a canonical protein kinase \[[@CR27]\], could bind to HSP90. Therefore, we hypothesized that GSK-3β participated in HSP90-mediated PKM2 phosphorylation. Our data showed GSK-3β, HSP90 and PKM2 indeed formed a protein complex together. Inhibiting GSK-3β activity or expression abrogated the increase of PKM2 phosphorylation induced by HSP90 overexpression. Taken together, we concluded that HSP90 led to PKM2 phosphorylation at Thr-328 induced by HSP90 was dependent on GSK-3β.

After confirming that HSP90 could bind with PKM2 and regulate the phosphorylation and protein stability of PKM2, we further investigated whether HSP90 could affect the glycolysis, proliferation and apoptosis of HCC cells through PKM2. Functional assay showed that overexpression of HSP90 enhanced the glycolysis and proliferation, and reduced the apoptosis of HCC cells. Knockdown of PKM2 abrogated these functional influences of HSP90 on HCC cells. In vivo experiments further confirmed that overexpression of HSP90 potentiated the growth of HCC cells and PKM2 knockdown blocked the promoting effect of HSP90 on HCC growth. Therefore, these data demonstrate that HSP90 not only binds to PKM2 and regulates its phosphorylation but also exerts its oncogenic functions through PKM2 in HCC.

In all, this study identified for the first time that HSP90 was a novel binding partner with PKM2 in HCC cells and enhanced the protein abundance of PKM2 in HCC. We also demonstrated that the interaction between HSP90 and PKM2 led to phosphorylation of PKM2 at Thr-328. GSK-3β, formed a protein complex with HSP90 and PKM2, and mediated Thr-328 phosphorylation of PKM2 induced by HSP90. Thr-328 phosphorylation of PKM2, a novel identified phosphorylation site, was critical for its functions in regulating glycolysis, mitochondria respiration, cell proliferation and apoptosis. Functionally, we demonstrated that HSP90 could potentiate the glycolysis and proliferation, reduce the apoptosis and thus enhanced the growth of HCC cells through PKM2.

Conclusions {#Sec30}
===========

To conclude, we recognize HSP90 as a novel binding partner of PKM2 in HCC cells. HSP90 regulates PKM2 abundance by enhancing the protein stability and reducing the proteasomal degradation. PKM2 Thr-328 phosphorylation, which is mediated by HSP90/GSK-3β complex, is critical for the protein stability and biological functions of PKM2 in HCC. Moreover, HSP90 promoted glycolysis and proliferation, and inhibited apoptosis of HCC cells through PKM2. Notably, overexpression of HSP90 and PKM2 significantly predict poor prognosis of HCC patients. Our findings highlight a novel mechanism of HSP90 in the progression of HCC and provide HSP90/PKM2 axis as a promising drug target for HCC.
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Additional file 1: Table S1.The primer sequences used in this study (DOCX 16 kb) Additional file 2: Figure S1.Knockdown of HSP90 reduced the protein level of PKM2. Hep3B cells were transfected with HSP90 shRNA or negative-control (NC) shRNA. 72 h after transfection, the levels of HSP90 and PKM2 protein in Hep3B cells were examined. Knockdown of HSP90 decreased PKM2 protein in Hep3B cells. (TIFF 4220 kb) Additional file 3: Figure S2.HSP90 inhibitors reduced the protein level of PKM2. Hep3B cells were treated with 17-AAG and 17-DMAG, two kinds of HSP90 inhibitors. HSP90 inhibitors decreased PKM2 protein in Hep3B cells. (TIFF 2886 kb) Additional file 4: Figure S3.MG132 restored the protein level of PKM2 induced by HSP90 knockdown. MG-132 was used to inhibit the proteasomal degradation in Hep3B cells. MG-132 treatment led to PKM2 accumulation in the detergent insoluble fraction of the cell lysate. (TIFF 7067 kb) Additional file 5: Figure S4.HSP90 knockdown led to decreased Ser/Thr phosphorylation of PKM2. Hep3B cells were transfected with negative control (NC) shRNA or HSP90 shRNA. Representative IP experiments were performed to examine PKM2 Ser/Thr phosphorylation. Total cell lysates were subjected to immunoblotting analysis using specific antibodies against HSP90 and GAPDH. (TIFF 4128 kb) Additional file 6: Figure S5.Thr-328 phosphorylation induced by HSP90 decreased the ubiquitination of PKM2 protein. Huh7 cell that were transfected with Flag-HSP90 were then transfected with HA-tagged wild type PKM2 or HA-tagged T328A PKM2. Proteins pull-down by HA antibody was subjected to western blot for ubiquitination. (TIFF 258 kb) Additional file 7: Figure S6.Thr-328 phosphorylation-induced by HSP90 overexpression was critical for maintaining the stability of PKM2. A) PKM2 shRNA was used to knock down exogenous PKM2 in Huh7 cells. PKM2 shRNA effectively depleted the expression of endogenous PKM2 protein. B) Huh7 cells with endogenous PKM2 depleted were transfected with corresponding vectors. T328A mutant, instead of S405A, abrogated the increased phosphorylation of PKM2 induced by HSP90 overexpression. C) Huh7 cells with endogenous PKM2 depleted were co-transfected with corresponding vectors. The protein half-life of HA-tagged WT or mutated PKM2 was analyzed following treatment with cycloheximide (CHX). HSP90 overexpression increased the half-life of the wild type PKM2 while failed to increase the half time of T328A PKM2 mutant. \*, *P* \< 0.05 by t test. (TIFF 1330 kb) Additional file 8: Figure S7.Knockdown of GSK-3β partly inhibited the elevation of PKM2 protein induced by PTEN knockdown. Huh7 cells transfected with PTEN siRNA or control siRNA along with or without GSK-3β. PTEN knockdown, which activated PT3K/AKT pathway, led to increased level of PKM2. Knockdown of GSK-3β partly inhibited the elevation of PKM2 protein induced by PTEN knockdown. (TIFF 6810 kb) Additional file 9: Figure S8.Thr-328 phosphorylation-induced by HSP90 overexpression was critical for maintaining the function of PKM2. In Huh7 cells with endogenous PKM2 depleted, transfection of T328A PKM2 mutant significantly reduced (A) glucose consumption, (B) lactate production and (C) PK catalytic activity of Huh7 cells. Furthermore, transfection of T328A PKM2 mutant significantly reduced (D) proliferation and increased the (E) Caspase-3 activity and (F) apoptosis the of Huh7 cells. (TIFF 1030 kb) Additional file 10: Figure S9.Thr-328 phosphorylation was required for PKM2 to regulate mitochondria respiration and co-factor function. Huh7 cells were transfected with HA-tagged PKM2-WT or T454A. Cells were re-plated into appropriate plates for analysis of O~2~ consumption, OCR, 6-^14^CO~2~ and ratio of 1-^14^CO~2~ to 6-^14^CO~2~. Compared with Huh7 cells transfected with wild-type PKM2, T328A PKM2 mutant significantly increased (A) O~2~ consumption, (B) OCR, (C) 6-^14^CO~2~ release from \[6-^14^C\] glucose while decreased (D) ratio of 1-^14^CO~2~ to 6-^14^CO~2~. E) HEK293T cells were co-transfected with wild type PKM2 or T328A PKM2 mutant, p2.1 and pSV40-Renilla. Transfected cells were exposed to 20% O~2~ or 1% O~2~ for 24 h. The ratio of firefly to renilla luciferase activity was determined. T328A PKM2 mutant significantly reduced the ability of PKM2 to promote hypoxia-induced gene transcription. Huh7 cells were transfected with wild type PKM2 or T328A PKM2 mutant. Two days after transfection, the cells were exposed to 1% O~2~ or 20% O~2~ for another 24 h. The mRNA levels of indicated genes were examined by qRT-PCR. T328A pKM2 mutant significantly reduced the ability of PKM2 in activating endogenous (F) HIF-1α target genes and (G) β-catenin target genes. \*, *P* \< 0.05 by t test. (TIFF 270 kb)
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